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INTRODUCTION

Glanders, caused by Burkholderia mallei, is a significant disease for humans due to the
serious nature of the infection. It is recognized that B. mallei is an organism with
tremendous infectivity that poses a significant hazard to humans exposed to aerosols
containing this organism. Our knowledge of the pathogenesis of disease due to B. mallei
is lacking. At present, no effective vaccines are available against this organism, and
information on the treatment of this organism with antibiotic therapy is also not available.

The basic studies that we are performing on the pathogenesis of disease due to B. mallei
are acutely needed, and the information gained from these studies will provide a
knowledge base that is required to rationally design new modes of therapy directed
against this organism. The long-term objective of our research is to define at a molecular
level the pathogenesis of disease due to B. mallei and to develop immunoprotective
vaccines against these organisms for use in humans.

Since glanders is of military significance as a biological warfare agent, the development
of an effective vaccine and treatments are of particular concern. Our understanding of
the disease caused by B. mallei is minimal, and we must move forward with these studies
in order to develop new and effective vaccines and/or therapies against this organism.
There is considerable dual use potential, since this disease is important in various areas of
the world. Development of vaccines and treatments can, therefore, provide important
items to assist the World Health Organization and to assist signatories of the Biological
and Toxin Weapons Convention under Article X of the Convention.

|
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BODY

Physical Characterization of Burkholderia mallei GB8 O-PS

We have been able to confirm via the use of 'H and >C NMR spectroscopy that the O-PS
antigen expressed by B. mallei GBS is an unbranched polymer of repeating disaccharide
units having the structure —3)-B-D-glucopyranose-(1-3)-6-deoxy-o.-L-talopyranose-(1- in
which the L-6dTalp residues bear 2-O-methyl or 2-O-acetyl substitutions (Figure 1).
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Figure 1. 3C NMR spectrum of purified B. mallei GBS O-PS. (A) Complete °C
Spectrum of B. mallei GB8 O-PS. (B) Expansion of the region encompassing anomeric
and glycosyl carbon signals.

Genetic Characterization of B. mallei GBS O-PS

The B. mallei GB8 O-PS biosynthetic operon sequence has recently been annotated and
submitted to GenBank (Accession Number AY028370). Comparison of the B. mallei
GB8 operon with the previously characterized B. pseudomallei 1026b O-PS biosynthetic
operon demonstrates a >99% sequence homology at both the nucleic and amino acid

levels (Figure 2).
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Figure 2. Physical (A) and genetic (B) map of the B. mallei GB8 O-PS biosynthetic
operon.

Curiously, however, while the O-PS biosynthetic operons characterized in the two
Burkholderia spp. encode for identical products, the O-PS antigens expressed by B.
pseudomallei 1026b and B. mallei GBS are similar but not identical. The difference
between the two antigens is the 4-O-acetyl substituent present in ~33% of the L-6dTalp
residues associated with the B. pseudomallei heteropolymer but not the B. mallei antigen.
This phenomenon may be explained due to the presence of a lysogenic phage in B.
pseudomallei strains (but not B. mallei) that harbors a locus with 4’-L-6dTalp trans-
acetylase activity. Further studies will be required to confirm this hypothesis.

Immunological Characterization of B. mallei GB8 O-PS

Via the use of a polyclonal antiserum and a monoclonal antibody raised against

B. pseudomallei O-PS antigens we have begun to assess the immunogenic similarities
between B. mallei and B. pseudomallei O-PS molecules. These studies are important for
determining whether or not a conjugate vaccine composed of only B. pseudomallei
antigens would afford protection against B. mallei as well as B. pseudomallei. The initial
results demonstrate that while the O-PS moieties expressed by the two species differ to
some degree, the polyclonal antiserum is capable of reacting strongly with both (Figure
3).




Figure 3. Western immunoblot analysis of B. mallei whole cell extracts reacted with
rabbit polyclonal antiserum raised against B. pseudomallei O-PS. (1) GB3; (2) GB4; 3)
GBS; (4) GB6; (5) GB7; (6) GBS; (7) GBY; (8) GB10; (9) GB11; (10) GB12.

The monoclonal antibody on the other hand does not react at all with any of B. mallei
whole cell extracts. This phenomenon suggests that this monoclonal antibody requires the
presence of 4-O-acetyl substituent associated with the L-6dTalp residues for recognition
of the antigen and these are only displayed by B. pseudomallei strains (Figure 4).
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Figure 4. Western immunoblot analysis of B. pseudomallei and B. mallei whole cell
extracts reacted with a monoclonal antibody raised against B. pseudomallei O-PS. (1) B.

pseudomallei 1026b; (2) B. mallei GBS.

B. mallei O-PS and Serum Resistance

We have recently observed that B. mallei GB3 and GB12 are unable to express a wild
type O-PS antigen as demonstrated via Western immunoblot and SDS-PAGE analyses
(Figures 3 and 5). Although the reason(s) for this phenomenon are at present unclear, it
is likely that one or more of the genes in their O-PS biosynthetic operons have been




disrupted by a mobile genetic element. Sequencing and Southern blot analysis will be
required to confirm this theory.
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Figure 5. Silver stain analysis of B. mallei whole cell extracts separated by SDS-
PAGE. (1) GB3; (2) GB4; (3) GB5; (4) GB6; (5) GBT; (6) GBS; (7) GBY; (8) GB10; &)
GBl11; (10) GB12.

Recently, we have utilized bactericidal assays in order to determine the serum resistance
phenotypes of the various B. mallei strains in our collection. The results of these studies
demonstrated that the O-PS minus strains (GB3 and GB12) were killed in the presence of
30% normal human serum (NHS) whereas the type strain (GB8) which expresses wild
type O-PS was able to survive (Figure 6). Interestingly, however, when B. mallei GBS is
compared to B. pseudomallei 1026b (positive control) a small but significant decrease in
viability is observed. Further studies will be required to determine the significance of
these findings.
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Figure 6. Survival of B. pseudomallei 1026b, E. coli HB101 and B. mallei GB3,
GBS and GB12 in 30% NHS. Approximately 3 X 10% CFU were incubated at 37°C for 2
hours in 30% NHS following which serial dilutions were plated and incubated for 48
hours. The data are the means of three separate experiments + standard deviation.

Burlkholderia mallei LPS has been previously shown to cross react with polyclonal
antibodies raised against B. pseudomallei LPS, however, we observed that B. mallei LPS
cannot not bind a mAb (Pp-PS-W) specific for B. pseudomallei O-PS. We have
identified the O-PS biosynthetic gene cluster from B. mallei ATCC 23344, and
subsequently characterized the molecular structure the O-PS produced by this organism.

Burkholderia pseudomallei, the etiologic agent of melioidosis, is a Gram-negative
bacterial pathogen responsible for disease in both humans and animals (7, 15). Previous
studies have demonstrated that the O-PS II expressed by the B. pseudomallei is both a
virulence determinant and a protective antigen (3, 6, 8, 9). Based upon these findings, O-
PS II has become an important feature of the various sub-unit vaccine candidates that we
are currently developing for immunization against melioidosis (1). The O-PS II moiety
produced by B. pseudomallei is an unbranched heteropolymer consisting of disaccharide
repeats having the structure —3)-B-D-glucopyranose-(1-3)-6-deoxy-a.-L-talopyranose-(1-
in which ~33% of the L-6dTalp residues possess 2-O-methyl and 4-O-acetyl substitutions
while the remainder of the L-6dTalp residues bear only 2-O-acetyl modifications (10,
11). Studies have also demonstrated that the non-pathogenic species Burkholderia
thailandensis synthesizes the O-PS II antigen (2). Recently, we demonstrated that the O-
antigen (O-PS) expressed by the pathogen Burkholderia mallei is identical to O-PS II
except that it lacks acetyl modifications at the O-4 position of the L-6dTalp residues (5).
Curiously, however, pair wise comparisons between the B. mallei and B. pseudomallei O-
polysaccharide biosynthetic clusters failed to reveal any sequence differences that could
account for the structural dissimilarities observed between O-PS and O-PS II (5, 8).

In the current studies, we used a combination of molecular and physical
approaches to characterize the role of a locus, wbid, thought to be involved in the
acetylation O-PS II antigens (8).

Comparison of wbiA alleles from B. thailandensis and B. pseudomallei.

The strains, plasmids and polymerase chain reaction (PCR) primers used throughout this
study are described in Table 1. Southern blot hybridizations, using a 1.37 kb B.
pseudomallei 1026b whid PCR product, were performed in order to detect the presence
of 2 whid homologue in B. thailandensis ATCC 700388. Based upon the positive results
from the hybridizations (data not shown), the PCR primers wbiA-5’ and wbiA-3" were
used to amplify the putative wbid allele from purified ATCC 700388 chromosomal
DNA. The PCR product was then ligated into pCR2.1-TOPO and sequenced. A
comparison between a 1239 bp open reading frame (ORF) within the cloned product and
the previously characterized 1026b wbid allele demonstrated sequence identities of
93.6% at the nucleotide level and 95.0% amino acids level. Further analysis of the wbid




alleles demonstrated the presence of amino acid motifs that define a family of inner
membrane trans-acylases expressed by both prokaryotic and eukaryotic species (Figure
1) (14). Based upon these results we predicted that the function of wbid would be similar
in both B. pseudomallei and B. thailandensis.

Phenotypic Characterization of wbi4 null mutants.

The wbid null mutants B. pseudomallei PB604 and B. thailandensis BT604 were
constructed via allelic exchange using previously described methods (8). The strains were
then phenotypically characterized in order to determine the effect of the wbid null
mutations on the synthesis of O-PS II. Silver staining of SDS-PAGE fractionated whole
cell lysates demonstrated that BT604 was capable of expressing full-length
lipopolysaccharide (LPS) molecules due to the presence of characteristic LPS banding
patterns. The LPS was also shown to be structurally similar to that expressed by ATCC
700388 and DW503 due to its ability to react with O-PS II polyclonal antiserum (data not
shown). Interestingly, however, neither the BT604 whole cell lysates or purified LPS
were able to react with the O-PS II specific monoclonal antibody (mAb) Pp-PS-W
suggesting that the whid locus was required for the expression of a native O-PS II antigen
(Figure 2). By complementing BT604 with the broad host range vector, p31wbiA, we
were able to restore the reactivity of the whole cell lysates and purified LPS with the Pp-
PS-W mAb (Figure 2). Identical results were observed for the B. pseudomallei strains
(data not shown).

Physical analysis of O-polysaccharide antigens.

The O-polysaccharides from B. thailandensis DW503, BT604 and BT606 and B.
pseudomallei DD503, PB604 and PB606 were isolated and purified using previously
described methods (1, 11). The purity of the carbohydrate preparations was determined to
be >95% in all instances. In order to facilitate the analysis of the samples 3C nuclear
magnetic resonance (C-NMR) spectra were recorded at 100.5 MHz and the chemical
shifts were recorded in parts per million (ppm) relative to an internal acetone standard
(31.07 ppm [*3C]; Spectral Data Services, Inc., Champaign, IL). The BC NMR spectrum
of the DW503 antigen demonstrated anomeric carbon signals between 98.5 and 102.6
ppm, O-acetyl signals between 174.1 to 174.6 ppm (CH;CO) as well as 21.2 and 21.4
ppm (CH3CO), 6-deoxyhexose CHj signals at 16.0 and 16.2 ppm and an O-methyl signal
at 58.8 ppm (Figure 3a); all of which are consistent with previously published values
(11). Similar spectra were also obtained for the BT606, DD503 and PB606 samples (data
not shown). In contrast, the '>C NMR spectrum of the BT604 sample demonstrated
anomeric carbon signals between 98.5 and 102.2 ppm, O-acetyl signals at 174.6 ppm
(CH;CO) and 21.2 (CH;CO), 6-deoxvhexose CHj signals at 16.0 and 16.3 ppm and an O-
methyl signal at 58.8 ppm (Figure 3b). Similar results were also recorded for the PB604
sample (data not shown). Based upon this data it was apparent that the O-polysaccharides
expressed by BT604 and PB604 were lacking one of the two O-acetyl moieties associated
with native O-PS II molecules.
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In order to determine which of the O-acetyl groups was missing, a comparison of the
DW503 and BT604 '*C NMR spectra with the 13C NMR spectrum obtained for B. mallei
ATCC 23344 O-PS was conducted. By process of elimination we were able to conclude
that BT604 and PB604 lack O-acetyl modifications at the O-2 position of the L-6dTalp
residues because O-polysaccharides lacking O-acetyl substitutions only at the O-4
position would be expected to produce spectra consistent with that observed for the B.
mallei O-PS antigen (Figure 4). Since wbid is the only trans-acylase present in the O-PS
I biosynthetic operon the results also suggest that a second unlinked locus is likely
responsible for the O-acetylation of L-6dTalp residues at the O-4 position. Studies are
currently underway to examine this hypothesis. '

Characterization of the epitope recognized by the Pp-PS-W mAb. We have recently
demonstrated that O-PS moieties expressed by B. mallei do not react with Pp-PS-W (5).
A comparison of the O-antigens expressed by B. pseudomallei and B. mallei strains
suggests that this phenomenon is due to differences in the O-acetylation patterns
associated with the O-PS or O-PS II molecules (Figure 5). Based upon the results of the
current study, it is now apparent that the mAb reacts only with —3)-B-D-glucopyranose-
(1-3)-6-deoxy-a-L-talopyranose-(1- polymers in which the L-6dTalp residues are
coordinately acetylated at the O-2 or O-4 positions. Such observations are valuable
because they serve to emphasize the importance of maintaining the structural integrity of
O-PS II antigens during the synthesis of glycoconjugate vaccine candidates.
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Table 1. Bacterial strains, plasmids and PCR primers used in this study.

Strain, Plasmid

Relevant Characteristic(s)

Reference or

Source
or Primer
Strains
E. coli _ ‘
SM10 Mobilizing strain: transfer genes of RP4 integrated into the 13
chromosome; Km' Sm®
TOP10 High efficiency transformation Invitrogen
B. pseudomallei
1026b Clinical isolate: Gm’ Km' Sm" Pm" Tp* 8
DD503 1026b derivative: A(amrR-oprA) rpsL; Sm" Pm’ Gm’ Km® Tp® 8
PB604 DD503 derivative: wbid::dhfrlIb-p15A oriV; Tp This study
PB605 PB604 (pUCP31T); Gm" Tp" This study
PB606 PB604 (p31wbiA); Gm' Tp" This study
B. thailandensis
ATCC 700388 Type strain (soil isolate): Gm' Km' Sm’ Pm' Tp* 2
DW503 ATCC 700388 derivative: A(amrR-oprA) rpsL; Sm" Pm' Gm’ Km® 4
TP
BT604 DWS503 derivative: wbid::dhfrllb-p15A oriV; Tp' This study
BT605 BT604 (pUCP31T); Gm" Tp" This study
BT606 BT604 (p31wbiA); Gm" Tp" This study
B. mallei
ATCC 23344 Type strain (human isolate) USAMRIID'
Plasmids
pCR2.1-TOPO TA cloning vector: ColE1 ori; Ap" Km' Invitrogen
pUCP31T Broad host range vector: OriT pRO1600 ori; Gm" 12
p31wbiA 1.37-kb B. pseudomallei wbid PCR product cloned into the This study
Xbal/Kpnl sites of pUCP31T; Gm'
Primers
wbiA-5’ 5-GCTCTAGACATGAGATCGTGCTTGAGCG-3’ This study
wbiA-3’ 5’-GGGGTACCGATAAAGCCAGCCCCACCGG-3’ This study

! United States Army Medical Research Institute of Infectious Diseases, Fort Detrick,

Maryland
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FIGURE LEGENDS

Figure 1. Amino acid alignment of B. pseudomallei 1026b and B. thailandensis ATCC
700388 whid gene products. Shaded residues are highly conserved amongst the members
of family of integral membrane proteins involved in the acylation of exported
carbohydrates. Identity is indicated by the dots (*) while the asterisks (*) represent the
sequence ends.

Figure 2. Western immunoblot analysis of purified B. thailandensis LPS antigens. The
primary antibody used was the O-PS II specific Pp-PS-W mAb. Lane 1, DW503 LPS;
lane 2, BT605 LPS; lane 3, BT606 LPS.

Figure 3. 13C NMR spectra of native and mutant O-polysaccharides expressed by B.
thailandensis strains A) DW503 and B) BT604.

Figure 4. 3C NMR spectra of B. thailandensis and B. malle O-polysaccharides expanded
between the region of 15-25 ppm. A) DW503, B) BT604 and C) ATCC 23344. The peaks
around 16 ppm represent 6-deoxyhexose CHj signals while those around 21 ppm
represent O-acetyl (CH3CO) signals.

Figure 5. Structures of A) B. pseudomallei O-PS II and B) B. mallei O-PS. In B.

pseudomallei R* = O-methyl or O-acetyl and R’’= O-acetyl or OH. In B. mallei R’ = O-
methyl or O-acetyl and R” = OH.
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Studies on Capsule Production.

Animal studies have shown that capsule production by B. pseudomallei may contribute to
persistence of the organisms in the blood. The addition 100 pg of purified capsule was
shown to increase the virulence of the capsule mutant strain SR1015 in the Syrian
hamster model of acute septicemic melioidosis (Table 1). As shown in Table 1, the

LDsp value of SR1015 was similar to wild-type B. pseudomallei when purified capsule
was added to the inoculum, and 9.0 x 10% cfu/ml of SR1015 could be isolated from the
blood, nearly 1000 fold more than if the animals were infected with SR1015 only.
Differences in tissue distribution between wild-type B. pseudomallei and the capsule
mutant SR1015 in infected Syrian hamsters also suggest that the capsule contributes to
persistance in the blood. As seen in Figure 2, the numbers of wild-type B. pseudomallei
increased significantly in the blood and the spleen by 48 hours, while the numbers of
SR1015 actually declined in the blood by 48 hours. The numbers of SR1015 did increase
somewhat in the spleen by 48 hours, suggesting that SR1015 was readily cleared from the
blood and likely sequestered in the spleen.

Capsule production by B. pseudomallei may be responsible for persistence in the blood
through evasion of the complement cascade. The capsule mutant SR1015 has been
shown to be resistant to 30% normal human serum, due to the presence of the O-PS,
however, studies using purified capsule have shown that the capsule contributes to
increased resistance of serum sensitive strains to the bactericidal effects of normal human
serum. As shown in Figure 3, the addition of 100 pg of purified capsule increased the
survival of SLR5, which lacks capsule (CPS) and O-polysaccharide (O-PS) by 100 fold.
This effect was not seen with purified O-PS. Incubation of 30% serum with 100 pg of
capsule for 30 minutes before the addition of the bacteria resulted in a 10,000-fold ’
increase in survival of the serum sensitive strain SLR5 (Figure 3). The survival of SLR5
under these conditions was similar to its survival in heat-inactivated serum, which led our
laboratory to conclude that the capsule was affecting the complement cascade.

Bacterial capsules have been shown to affect the bactericidal effects of the complement
system through a number of mechanisms. Studies by our laboratory have shown that the
B. pseudomallei capsule contributes to evasion of the complement system through
inhibition of C3b binding to the bacterial surface. Western blot analysis of whole
bacterial cells incubated in 10% normal human serum was carried out using monoclonal
antibody to human C3b in order to determine if the capsule inhibited binding of C3b to B.
pseudomallei. In the presence of capsule C3b does not appear to bind the bacterial
surface effectively, but binds the bacteria readily in the absence of capsule (Figure 4).
The increase in C3b deposition on the capsule mutant SR10135 may contribute to
increased phagocytosis of strains lacking the capsule and as a result, increased clearance
of these organisms from the blood. The increase in C3b deposition also leads to
increased formation of the C3 convertase, which results in more cleavage of C3 and
production of C3a, an opsonin, which attracts phagocytes. In addition, phagocytes have
receptors for C3b on their surface to facilitate phagocytosis of C3b bound organisms.
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Future studies on the B. pseudomallei capsule will be focused on further defining the role
of the capsule in infection. Radiolabelled opsonophagocytosis assays are planned in
order to study whether opsonization of B. pseudomallei strains leads to increased
phagocytosis of the capsule mutant strain, thus establishing a link between C3b
deposition and increased phagocytosis of capsule mutants. In addition future studies will
involve studying the regulation of B. pseudomallei capsule using a /ux reporter system.

B. mallei has also been shown to produce this capsule and capsule mutants of this species
have been identified in this labortatory. Our laboratory plans to determine whether the
role for the B. mallei capsule is similar to the role of the B. pseudomallei capsule. B.
mallei wild type and capsule mutant strains will be tested for inhibition of C3b binding
and, subsequently in the radiolabelled opsonophagocytic assays.

The combination of PCR-based subtractive hvbridization, insertional inactivation, and
animal virulence studies has facilitated the identification of an important virulence
determinant in B. pseudomallei. Futher characterization of the B. pseudomallei capsule is
essential for understanding the pathogenesis of B. pseudomallei infections and the
development of preventative strategies for treating this disease. In addition, further
characterization of the subtraction library using this methodology may lead to the
identification of other potential virulence factors or protective antigens.

Figure 1. Genetic organization of the
B. pseudomallei capsule locus.
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Table 1. The effect of purified capsule on the
virulence of B. pseudomallei SR1015 in the
Syrian hamster model.

Strain CPS LD, Blood
added bacterial
count
(cfu/ml)

SR1015

Figure 2. Differences in tissue
distribution between B. pseudomallei
strains 1026b and SR1015 in the Syrian
hamster model.
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Figure 3. Purified B. pseudomallei capsule
enhances survival of B. pseudomallei SLRS in
normal human serum.
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Figure 4. Western blot analysis of C3b
binding in B. pseudomallei with
monoclonal antibody to human C3ba.

Lane 1: 1026b+PBS

Lane 2: 1026b+HINHS
Lane 3: 1026b+10% NHS
Lanc 4: SR1015+PBS

Lane 5: SR1015+HINHS
Lane 6: SR1015+10% NHS
Lane 7: Blank

Lane 8: 10% NHS
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MICs of Burkholderia spp. and TOP10 carrying 3 different Beta-lactamase genes.

The sequences of B-lactamase genes from Burkholderia mallei and B. pseudomallei have
been determined, and there are 3 different versions of mature B-lactamases. The
proteins, PenAs, identified in B. mallei GB8 and B. pseudomallei 316a are identical, but
two other mutants have been identified in clinical strains from patients who have been
treated with antibiotics. The B. pseudomallei 316¢ showed selective resistance against
ceftazidime and B. pseudomallei 392f showed decreased susceptibility to clavulanic acid
inhibition. The gene sequences revealed that both mutants have single amino acid change
in the active site for B-lactam antibiotics. The change at the third conserved domain, an
omega loop, found in 316¢ may help the B-lactamase accommodate large site chain of
ceftazidime, and the change from STSK of the first conserved domain to STFK found in
392f may relate to decreased susceptibility to clavulanic acid inhibition.

The MICs of 9 different antibiotics for Burkholderia mallei and B. pseudomallei and
TOP10 carrying different clones were determined along with the enzyme kinetic study
for these antibiotics. The results were shown in table 1 and 2, respectively
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Figure 1. The 14 % SDS-PAGE shows the purified 316a PenA B-lactamase (29 kD